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Many Heusler compounds possess magnetic properties well-suited for applications as spintronic
materials. The pseudo-binary Mn0.5Fe0.5Ru2Sn, formed as a solid solution of two full Heuslers,
has recently been shown to exhibit exchange hardening suggestive of two magnetic phases, despite
existing as a single chemical phase. We have performed a first-principles study of the chemical
and magnetic degrees of freedom in the Mn1−xFexRu2Sn pseudo-binary to determine the origin of
the unique magnetic behavior responsible for exchange hardening within a single phase. We find
a transition from antiferromagnetic (AFM) to ferromagnetic (FM) behavior upon replacement of
Mn with Fe, consistent with experimental results. The lowest energy orderings in Mn1−xFexRu2Sn
consist of chemically- and magnetically-uniform (111) planes, with Fe-rich regions preferring FM
ordering and Mn-rich regions preferring AFM ordering, independent of the overall composition.
Analysis of the electronic structure suggests that the magnetic behavior of this alloy arises from a
competition between AFM-favoring Sn-mediated superexchange and FM-favoring RKKY exchange
mediated by spin-polarized conduction electrons. Changes in valency upon replacement of Mn with
Fe shifts the balance from superexchange-dominated interactions to RKKY-dominated interactions.
I. INTRODUCTION
The unique electronic properties of full Heusler com-
pounds, defined as L21-ordered XY2Z alloys with X
and Y as transition metals and Z as a main-group el-
ement, make them promising materials for applications
in spintronics1, superconductors2, magnetocalorics3, and
shape-memory devices4. The flexibility of Heusler com-
pounds derives from their ability to realize large and tun-
able changes in properties with small changes in the va-
lence electron count5–8. Different choices of X and Y can
produce various magnetic properties, as both Z-mediated
indirect exchange between second nearest neighbor pairs
of X, and direct exchange involving X-Y interactions, can
give rise to ferro-(FM), ferri-(FrM), or antiferro-(AFM)
magnetic configurations1,2. Many Heuslers have been
demonstrated to follow Slater-Pauling behavior7,9,10, a
subset of which are calculated to be half-metals9–12,
yielding a family of materials with unparalleled magnetic
flexibility.
The (Mn,Fe)Ru2(Ge,Sn) genus of the Heusler family
neatly demonstrates the transition from AFM to FrM
to FM behavior with a change in the ratio of Fe to Mn
as the X element13,14. Mizusaki et al.13 and Douglas
et al.14 have shown that both the MnxFe1−xRu2Ge and
MnxFe1−xRu2Sn alloys exhibit magnetic behavior indica-
tive of two-phase coexistence, evidenced by an increase
in magnetic coercivity, in spite of the fact that the alloys
form a single chemical phase, i.e., a solid solution on the
X = Mn,Fe sublattice. The spike in coercivity is theo-
rized to be a consequence of local AFM/FM domains and
interactions between the two, creating exchange hard-
ening (broadening of the hysteresis loop) as observed
on the macroscopic scale. Exchange bias (shifting of
the hysteresis loop) and exchange hardening are both
well-studied phenomena in nanocomposites and nanos-
tructured thin films15,16 containing distinct FM-favoring
and AFM-favoring chemical phases. However, exchange
hardening without the appearance of a second chemical
phase is a phenomenon that, at present, is rarely ob-
served and poorly understood. While previous studies
have performed limited ab-initio calculations to probe
the magnetic behavior of the MnRu2Sn and FeRu2Sn
end-members11,14, no studies at intermediate composi-
tions of the MnxFe1−xRu2Sn alloy have yet been per-
formed.
Here, we perform density functional theory (DFT)17,18
calculations on the Mn1−xFexRu2Sn alloy across the en-
tire composition range x = [0, 1], and explore both
chemical and magnetic degrees-of-freedom. We first
probe the origin of FM and AFM ordering in the
FeRu2Sn and MnRu2Sn Heuslers, respectively, and seek
to answer why a small change in the electronic con-
figuration causes a dramatic change in magnetic or-
dering. We consider two models of magnetic inter-
action proposed for Heuslers to analyze our results:
(a) indirect exchange, as a competition between AFM-
favoring, Sn-mediated superexchange and FM-favoring,
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions
between the X-sites containing Fe and Mn, and (b) di-
rect exchange, as a consequences of (anti-,non-)bonding
interactions between Ru and Mn/Fe. As MnRu2Sn and
Mn-rich MnxFe1−xRu2Sn alloys are known to be AFM
or FrM, we next evaluate a large number of magnetic
orderings on the Mn/Fe sub-lattice site, and study the
interplay between magnetic and chemical stability. We
predict the existence of a miscibility gap at 0K with
Mn1−xFexRu2Sn separating into a two-phase mixture of
2pure Heuslers (Mn,Fe)Ru2Sn for all x. The lowest-energy
chemical configurations of MnxFe1−xRu2Sn at interme-
diate concentrations (0 < x < 1) offer insights into the
low-temperature magnetic behavior of quenched solid so-
lutions.
II. PRIOR WORK: MAGNETISM IN HEUSLERS
The discovery of magnetism in MnCu2Sn by Heusler
19
was at the time unexpected, owing to the non-magnetic20
behavior of the constituent elements. While magnetic or-
dering is not unexpected in MnRu2Sn or FeRu2Sn, as we
(now) know both Mn and Fe to exhibit magnetic ordering
phenomena in their pure elemental forms, we expect the
physics driving magnetic ordering to be different in the
(Mn,Fe)Ru2Sn Heuslers than in pure Mn or Fe. Several
key differences exist between the pure elements and their
Heuslers: the presence of additional alloying elements in
significant concentrations, the interatomic distance be-
tween (next)nearest Mn or Fe neighbors, and the overall
crystal structure both of the Mn/Fe sublattice, and of the
entire crystal. Understanding how and why magnetism
persists in MnRu2Sn and FeRu2Sn, and how those mag-
netic interactions may be influenced by alloying Mn and
Fe on the same sublattice, requires understanding how
and why magnetic behavior is arises in Heuslers in gen-
eral.
Numerous in-depth studies on Heusler families have
been published exploring the origin of magnetism and
half-metallic behavior12,21,22, the prevalence and conse-
quences of Slater-Pauling behavior7,9,10, and the FM or
AFM coupling of magnetic moments6. These studies can
be divided into two general categories: (a) where the
Y transition metal is assumed to determine the lattice
constant and the valence electron count, but does not
participate in the X-X magnetic coupling5,6,23,24, and
(b) where the X-Y interactions are assumed to domi-
nate the magnetic Hamiltonian7,8,12,25,26. Both perspec-
tives make similar predictions about the magnetic be-
havior of pure MnRu2Sn or FeRu2Sn, but yield different
insights into microscale magnetic ordering phenomena
possibly present in (Mn,Fe)Ru2Sn alloys of intermediate
composition. To best understand which mechanisms de-
termine the AFM-to-FM transition in Mn1−xFexRu2Sn
with increasing x, we examine both models and apply
the analysis methods used in each to the pure Heuslers
(Mn,Fe)Ru2Sn.
A. Slater-Pauling Behavior
Galanakis et al.9,10 have demonstrated that many full
Heusler alloys follow Slater-Pauling behavior, such that
the total ferromagnetic moment is a linear function of
the valence electrons:
Mt = Zt − 24, (1)
where Mt is the total moment, Zt is the number of va-
lence electrons, and 24 is the total number of occupied
spin-up plus spin-down valence bands in a traditional
XY2Z Heusler. The number 24 arises from the 12 elec-
trons occupying the minority bands, which require 12
electrons in the majority bands to reach zero moment.
Additional valence electrons do not change the occupa-
tion of the minority states, such that the moment is de-
termined by the number of electrons past parity27. In the
case of Mn- or FeRu2Sn, the 12 occupied minority states
are: one Sn s, three Sn p, five hybridized Fe/Mn-Ru2 d
and another three non-bonding Ru2 d states
9. Owing
to exchange splitting, those 12 states, plus an additional
three (Mn) or four (Fe) states, are occupied by major-
ity spin electrons. The states closest to the Fermi level,
being delocalized conduction electrons, are however not
easily assigned to site-specific orbitals.
B. Indirect-Only Model: Superexchange and
RKKY Exchange
The first model of exchange proposed for Heusler al-
loys describes a collection of localized moments on the X
site (Mn or Fe here) interacting indirectly via competing
AFM-favoring superexchange and FM-favoring RKKY
couplings5,6,23. As the nearest-neighbor (NN) X-X dis-
tance in Heuslers is always larger than 2rX , where rX
is the Van der Waals radius of X, the majority of X-
X exchange is presumed to be indirect. Superexchange
interactions between next-nearest-neighbor (NNN) X-X
pairs, favoring AFM orderings, arise from overlap be-
tween partially-occupied X d orbitals (e.g. Mn 3d) and
neighboring fully-occupied Z p orbitals (e.g., Sn 5p). In
contrast, RKKY exchange interactions between NNN X-
X pairs can favor either FM or AFM couplings, and arise
from the large localized moment on X inducing a de-
caying oscillation in the spin-polarization of the conduc-
tion electrons. For the interatomic distances of relevance
in the Mn1−xFexRu2Sn alloys, the dominating terms of
RKKY interaction are FM-favoring5,28.
Both superexchange and RKKY exchange parameters
scale inversely with the energy required to promote an
electron from a X d -state to the Fermi level and depend
on the number and distribution of states both immedi-
ately below and above the Fermi level24,28. The scaling
of the competing exchange parameters can be qualita-
tively understood using a perturbative approach, where
the coupling constants jRKKY and js at the gamma point
in reciprocal space (q → 0) reduce to28:
jRKKY (0) = V
4D(ǫF )/E
2
h, (2)
js(0) = V
4
ǫnk>ǫF∑
nk
(ǫF − ǫnk − Eh)
−3
. (3)
3V is an electronic mixing parameter, D(ǫF ) is the density
of states at the Fermi level, ǫF is the Fermi energy, ǫnk
is the energy of a state at k-point k in band n, and Eh is
the energy required to promote an electron from a d -state
of X to the Fermi level. S¸as¸ıog˘lu et al.24 performed an
in-depth exploration of the competition between jRKKY
and js, using Mn-based Heuslers as examples. Their gen-
eral conclusion is that a large number of states at (or just
below) the Fermi level favor RKKY-type exchange, while
a large number of states just above the Fermi level favor
superexchange. The relative stability between FM and
AFM behavior can, therefore, be altered by either vary-
ing the number of electrons with the chemistry on the X
site, or by changing the lattice constant (thereby chang-
ing the orbital overlap in superexchange, or the point
chosen along the sign oscillation of RKKY exchange).
C. Direct Model: Dominating X-Y Exchange
The second model of exchange for Heuslers assumes
that the Y sites actively participate in exchange. The
effects of Y-mediated exchange are explored in-depth by
S¸as¸ıog˘lu et al.12,25,26 in numerous Heusler systems for
lighter Y elements such as Co and Fe. Dronskowski et
al.8 offer an (anti-)bonding-motivated discussion of the
origin of AFM/FM behavior in Heuslers, demonstrating
that even in cases where the Y element is a heavier ele-
ment (e.g., Ru), X-Y exchange interactions play a lead-
ing role in determining the magnetic configuration of the
Heusler. In cases where Y participates directly in ex-
change, two types of interactions must be considered for
XY2Z Heuslers: X-Y exchange and Y-Y exchange. As
the two Y sites occupy interpenetrating FCC sub-lattices,
the Y-Y distance is usually below 2rY , such that direct
exchange between the two Y may be significant. The
X-Y distance can also be smaller than rX + rY , leading
to direct X-Y exchange. This mechanism differs from
the X-Z superexchange via Z’s fully-occupied p states, as
both X and Y have partially-occupied d -states (e.g., Mn-
Ru direct exchange would look different than Mn-Sn-Mn
superexchange in MnRu2Sn).
The potential Y-Y interactions resulting from direct
exchange can be FM or AFM depending on the ratio of
interatomic distance to the d -orbital radius, in a similar
fashion to pure transition metal elements on the Bethe-
Slater curve29. Similarly, the X-Y interactions can be
FM or AFM, while the (NN) X-X interactions are pre-
sumed to be purely FM owing to the large interatomic
separation. The magnitudes of the Y-Y interactions are
typically very small compared to those of the X-Y inter-
actions or even the X-X interactions7,12, thereby allowing
the Y-Y interactions to be neglected.
III. METHODS
A. Ab-Initio Calculations
All calculations were performed with VASP30–32 (ver-
sion 5.4.1) using projector-augmented wave33,34 (PAW)
pseudo-potentials35. The generalized gradient approx-
imation of Perdew, Burke, and Ernzerhof (PBE) was
used for the exchange energy36 and the interpolation for-
mula of Vosko, Wilk, and Nusair was used for the cor-
relation energy37. All calculations were performed spin
polarized unless otherwise noted, with an energy cutoff
of 540 eV, a Γ-centered Monkhorst-Pack k-point grid38
with 17 × 17 × 17 divisions in the unit cell (and scaled
with reciprocal supercell size), and either the first or-
der Methfessel-Paxton method39 (for relaxations) or the
tetrahedron method with Blo¨chl corrections40 (for static
runs) to integrate over electronic energy levels. Elec-
tronic relaxations were terminated with energy differ-
ences of less than 10−6 eV, and ionic relaxations were
terminated by forces smaller than 10−2 eV/A˚.
All local properties (e.g., site-specific magnetic mo-
ments or atomic charges) were determined using the
Wigner Seitz radii provided with the pseudopotentials.
Non-neutral calculations were performed utilizing a ho-
mogeneous compensating background charge, fixing lat-
tice vectors and atomic coordinates to those of the
lattice of the neutral parent structure. Fixed total-
moment calculations were performed by constraining the
total magnetic moment, but allowing the per-site mo-
ments to relax from an initial FM or AFM configuration
scaled from the FM or AFM moments achieved with-
out total-moment constraints. The LOBSTER software
package41–43 (version 2.1.0) was used for the calculation
of Crystal Orbital Hamilton Populations (COHP) to an-
alyze bonding44. We utilized the pbeVaspFit2015 basis
set45 and selected per-element basis functions matching
the electrons treated as valence electrons in the pseu-
dopotentials.
B. Enumeration of Configurations
The CASM software package46–49 was used to enu-
merate a large number of symmetrically distinct chem-
ical and magnetic orderings. The energies of all
symmetrically-distinct configurations of chemical iden-
tity (Fe, Mn) and magnetic spin (negative or positive
per-site moment) within supercells containing up to four
unit cells were calculated using VASP with the settings
described above. One configuration containing six unit
cells at xFe = 0.33 was also considered, as the lowest-
energy three-unit-cell supercell corresponds to a high-
energy, magnetically-frustrated state.Volume and site re-
laxations were minor (0.998 < V/V0 < 1.009, and mean-
squared-displacement < 0.7 × 10−3 A˚); however, mag-
netic relaxations were significant. While VASP prohibits
changes of the magnetic moments that would lower sym-
4TABLE I. Total and per-site magnetic moments for MnRu2Sn and FeRu2Sn obtained from DFT calculations using different
lattice constants, as well as experimental measurements.
System MnRu2Sn Moments (µB) FeRu2Sn Moments (µB)
Total Mn Ru Total Fe Ru
DFT (Full Relax) 0.0 3.155 0.078 4.141 3.065 0.497
DFT (Exp. Lat. Const.) 0.0 3.140 0.078 4.136 3.057 0.498
DFT (Mean Lat. Const.) 0.0 3.134 0.071 4.137 3.059 0.498
Experiment 0.0 3.4(1) 0.0 3.4 3.16(4) 0.4(1)
metry (e.g., FM to AFM), changes that add additional
symmetries, or move to a different magnetic configu-
ration with the same symmetry, are allowed. Multi-
ple instances of AFM structures relaxing to otherwise-
enumerated FM structures were found; the initial AFM
structures were considered unstable and were removed
from further calculations. More interestingly, several
cases were found where one AFM or FrM configuration
would relax into its spin-reversed twin (i.e., applying
the time-reversal operator), and visa-versa (A → B and
B → A). In the cases where multiple initial magnetic
configurations relaxed onto the same final configuration,
the structure with the lowest energy was kept and the
others discarded.
IV. RESULTS AND DISCUSSION
A. Electronic Structure of MnRu2Sn and FeRu2Sn
To understand the potential causes of complex mag-
netic behavior in 0 < x < 1 solid solutions of
Mn1−xFexRu2Sn, we first sought to understand the dif-
ference in electronic structure between the x = 0 and
x = 1 end-members. MnRu2Sn possesses L11 AFM
ordering (i.e., (111) spin-up planes alternated by spin-
down planes) on the Mn FCC sublattice with a large
moment on Mn and no moment on Ru. FeRu2Sn, in con-
trast, is FM with a large moment on Fe and a small-but-
nonzero moment on Ru14. We examined many different
AFM and FrM magnetic orderings of the pure Heuslers
(Mn,Fe)Ru2Sn. The experimentally-observed magnetic
orderings (AFM for Mn and FM for Fe) were found to
be the ground states, with energy differences of 24 meV
and 87 meV (per primitive cell) to the next-lowest-energy
magnetic orderings for MnRu2Sn and FeRu2Sn, respec-
tively. In addition to the fully-relaxed structures, we cal-
culated total and local moments of cells having the ex-
perimental lattice constants and of cells having an aver-
aged lattice constant between the end-member constants.
In both cases the internal ionic degrees of freedom were
fully relaxed. Table I compares calculated total and local
site magnetic moments with experimental total satura-
tion magnetizations measured at 5T and 4K and per-site
moments extracted from Rietveld refinements of neutron
powder diffraction data.
The moments obtained from DFT in all cases com-
pare favorably to the experimental results, except for the
saturation magnetization in FeRu2Sn, where the lower-
than-anticipated experimental moment in the FM case
arises from the dispersion of grain orientations and the
presence of grain and magnetic domain boundaries in the
experimental sample14. The relaxed DFT lattice param-
eters of 6.22 A˚ and 6.21 A˚ for MnRu2Sn and FeRu2Sn,
are also in good agreement with the experimental lattice
constants of 6.20 A˚ and 6.19 A˚ as measured with neutron
diffraction at 15K by Douglas et al.14. The fully-relaxed
lattice constants are slightly larger than the experimen-
tal values; the lattice constant is set by Ru (the element
with the largest radius), and PBE is known to systemi-
FIG. 1. Non-spin-polarized site-projected DOS for MnRu2Sn
(above) and FeRu2Sn (below) for the Mn or Fe and Ru sites;
Sn sites contribute states far below the Fermi level (≤ −6 eV)
and are not shown. While the states far below the Fermi level
are largely unaffected by the addition/subtraction of an extra
electron/proton pair, the behavior at the Fermi level changes
substantially.
5TABLE II. Relative formation energies per primitive cell of
various magnetic and electronic configurations of MnRu2Sn
and FeRu2Sn. All energies represent fully-relaxed structures.
System FM - NM AFM - NM FM - AFM
(eV) (eV) (meV/µB)
MnRu2Sn -1.305 -1.357 16.7
[MnRu2Sn]
−1 -2.025 -2.036 2.6
FeRu2Sn -1.084 -0.998 -20.8
[FeRu2Sn]
+1 -0.716 -0.753 11.9
cally overestimate lattice constants for 5d elements50.
We can understand the transition from AFM to FM
upon replacement of Mn by Fe in (Mn,Fe)Ru2Sn, as well
as the likely intermediate states for a disordered Mn/Fe
solid solution, by analyzing how the electronic structure
around the Fermi level changes with a change in the X
element. To most easily compare reciprocal-space prop-
erties, all of the following calculations were performed
using the mean lattice constant between the experimen-
tal MnRu2Sn and FeRu2Sn values. The density of states
(DOS) of the non-spin-polarized (referred to hereafter
as non-magnetic, or NM, for simplicity51) Heuslers are
shown in Figure 1, along with the projected DOS of the
Mn/Fe and Ru d -states. Figure 1 clearly shows large
changes in the states available above and below the Fermi
level when going from NM MnRu2Sn to NM FeRu2Sn.
In the Mn Heusler, there are more states just above the
Fermi level than below it, while in the Fe Heusler, the
reverse is true. Far below the Fermi level the electronic
structures of both Heuslers are nearly the same. At the
Fermi level, the difference between Mn and Fe resembles
that of a rigid-band model, where the addition of an ad-
ditional electron rigidly shifts the Fermi level upward to
accommodate one more state.
We can connect these differences in the Fermi-level
states back to the indirect-exchange-only model of mag-
netic ordering, i.e., as a competition between superex-
change and RKKY exchange. Both Mn- and Fe-rich
Heuslers have a large DOS at the Fermi level, driving
a large RKKY term, but in Fe there is a large drop-
off just past the Fermi level. The superexchange in-
teraction, js in Equation 3, is bounded from above by
js(0) ≤ V
4N/E3h, where N is the number of unoccupied
states near the Fermi level28. Therefore, in Mn, where N
is large, |js| should be greater than |jRKKY |, and AFM
behavior should dominate. In Fe, where N is smaller,
|js| should be smaller than |jRKKY |, and FM behavior
should dominate. It is worth noting here that D(ǫF ) in
the Fe-Heusler is also smaller than in the Mn-Heusler,
and so the overall magnitudes of the coupling constants
are expected to be smaller.
The differences in the states near the Fermi level per-
sist into the spin-polarized calculations. The Mn or Fe
site-projected DOS for the FM and L11 AFM configura-
tions are shown in Figures 2 a and c, with corresponding
formation energies in Table II.
For the Mn-Heusler, the Fermi level resides at approx-
imately the middle of a broad peak of both the projected
DOS at the Mn site (see Figure 2 (a)) and the total DOS.
This matches the behavior of the NM states, suggest-
ing dominance of the superexchange interaction over the
RKKY interaction, resulting in the energy of the AFM
phase being more than a dozen meV (per primitive cell)
below that of the FM phase. Both the FM and AFM or-
derings are also far lower in energy (>1 eV per primitive
cell) than the NM state, indicating a large driving force
towards magnetization.
The Fermi level in the FM Fe-Heusler lies at the start
of a near-gap where the DOS is at a minimum for the
minority spin, and just past a peak in the majority spin
(see Figure 2 (c)). The presence of the majority-spin peak
immediately before the Fermi level leads to a large RKKY
contribution to the coupling in the FM configuration of
the Fe-Heusler. In the AFM configuration, however, the
very local maximum immediately after the Fermi level
is still smaller than the maximum before the Fermi level
in the FM configuration. This implies that the degree
of superexchange (AFM-favoring) coupling in the AFM
configuration is far smaller than the degree of RKKY
(FM-favoring) coupling in the FM configuration, leading
to FM being lower in energy.
To establish the importance of nuclear charge/effective
potential on magnetism, we also considered FM and
AFM configurations of Mn- and FeRu2Sn when one elec-
tron is added or subtracted, respectively. The change in
total electron count serves to give MnRu2Sn the same
valency as FeRu2Sn, and vice-versa. When an additional
electron is added to MnRu2Sn, the Fermi level moves
to higher energy, but the dispersion of the bands also
broadens as the additional electron induces further de-
localization, as seen in Figure 2 (b). As a consequence,
while the energy difference between FM and AFM or-
derings decreases upon addition of an extra electron to
MnRu2Sn, there are still a sufficient number of states
above the Fermi level to (barely) prefer the AFM order-
ing.
Conversely, when an electron is subtracted from
FeRu2Sn, the states become more localized (owing to less
Coulomb repulsion) and the Fermi level moves to lower
energies, putting the Fermi energy directly in the middle
of the large DOS peak in the FM configuration as seen in
Figure 2 (d). This new distribution of states around the
Fermi level implies that |js| is now much closer in magni-
tude to |jRKKY |, destabilizing the FM state. In contrast,
the removal of an electron from AFM FeRu2Sn has virtu-
ally no effect on the electronic structure near the Fermi
level. As a result, the energy change upon removal of
an electron penalizes the FM state more than the AFM,
so much so that for FeRu2Sn it alters the ground state
from FM to AFM. This effect becomes evident upon in-
spection of the change in energy when going from the
NM state to the FM and AFM states. Table II shows
that the AFM state gains more in energy compared to
the FM state relative to the NM state in FeRu2Sn upon
6FIG. 2. Spin-polarized site-projected DOS for MnRu2Sn (a,b) and FeRu2Sn (c,d), showing the projected per-site Mn or Fe
DOS for both FM and L11 AFM configurations. Panels (b) and (d) have had an electron added or subtracted, respectively,
such that the Mn-Heusler has the same number of electrons as the Fe-Heusler, and vise-versa. The total DOS, while is not
shown, has occupations at the Fermi level nearly identical to those of the Mn/Fe-projected DOS.
subtraction of an electron (by approximately 100 meV
per primitive cell).
There is another subtle, yet relevant difference between
MnRu2Sn and FeRu2Sn: in the FM configuration, Mn
and Ru are AFM aligned to one another, while Fe and
Ru are FM to one another. This suggests that there
are also interactions that couple the X (i.e., Mn and Fe)
and Y (i.e., Ru) sites, and that these couplings may be
important. We can estimate the relative strengths of Ru-
Ru, Ru-Mn/Fe and Mn/Fe-Mn/Fe interactions by fitting
a rudimentary magnetic Hamiltonian to DFT supercell
calculations at fixed total moment. This calculation is in
the spirit of the Heisenberg Hamiltonian which has been
successfully applied to similar Heusler systems12,26,52,53.
Our model Hamiltonian takes the form:
E = j0 + 3j1〈φ
NN
Ru 〉+ 6j2〈φ
NN
Mn/Fe〉
+ 3j3〈φ
NN
Mn/Fe〉+ 4j4〈φ
NN
Ru,Mn/Fe〉, (4)
where E is the energy per primitive cell, j0 can be inter-
preted as the energy gain from exchange splitting, j1 is
7TABLE III. Estimated coupling constants ji fit to the results of Figure 3 using Equation 4, and the magnitude of the terms
for the lowest-energy ferromagnetic and antiferromagnetic configuration of each Heusler. 95% confidence intervals are given for
the jis, while the R
2 values are 0.987 and 0.996 for the Mn- and Fe-Heuslers, respectively.
System Coupling (meV/µ2B)
j0 j1 j2 j3 j4
MnRu2Sn −353± 104 331± 30 −31.8± 3.7 33.4± 3.5 30.9± 8.2
FeRu2Sn −85.1± 66.6 116.3 ± 37.4 −33.2± 3.4 32.1± 2.9 −15.9± 12.3
FM State Contribution (meV)
3j1〈φ
NN
Ru 〉 6j2〈φ
NN
Mn/Fe〉 3j3〈φ
NNN
Mn/Fe〉 4j4〈φ
NN
Ru,Mn/Fe〉
MnRu2Sn 1.8± 0.2 −1735± 200 911± 95 −15.6± 4.2
FeRu2Sn 86.5 ± 27.8 −1864± 193 901± 80 97.1 ± 75
AFM State Contribution (meV)
3j1〈φ
NN
Ru 〉 6j2〈φ
NN
Mn/Fe〉 3j3〈φ
NNN
Mn/Fe〉 4j4〈φ
NN
Ru,Mn/Fe〉
MnRu2Sn 0 0 −984± 102 13.8± 3.7
FeRu2Sn 0 0 −898± 80 24.8 ± 19.2
the Ru-Ru coupling, j2 and j3 are the nearest-neighbor
and next-nearest-neighbor Mn/Fe-Mn/Fe couplings, re-
spectively, and j4 is the Ru-Mn/Fe coupling. The φ are
the products of site-projected moments for Ru, Fe, or
Mn, for either nearest-neighbor (NN) or next-nearest-
neighbor (NNN) pairs. These are equivalent for dot prod-
ucts of magnetic vectors in a system where only θ = 0 or
θ = 180 are allowed. The coefficients 3, 6, 4, and 3 cor-
respond to the number of (next-)nearest-neighbor pairs
per primitive cell. We stress that the ji are not the true
exchange constants and are not suitable for building a
more complex model. However, the magnitudes of the ji
should give an indication of the relative strength of each
type of interatomic coupling. Curves of the formation en-
ergy (referenced against the NM calculation) versus the
net moment as calculated with PBE are shown in Fig-
ures 3 a and b, with the values of j0, j1, j2, j3, and j4 fit
to these curves given in Table III.
The leading terms in both MnRu2Sn and FeRu2Sn are
the j0 exchange-splitting energy. While the j1 terms
have similar magnitudes as the j0 terms, the contri-
butions from the Ru-Ru interactions are overall small,
as the magnitude of the Ru moments are 0.1 to 0.01
times smaller than the Fe or Mn moments, respectively.
The calculated contributions of each term for the lowest-
energy FM configuration of each Heusler are given in the
second part of Table III, making the difference in mag-
nitudes more obvious. These results tell us three things:
(a) Mn-Mn interactions dominate in MnRu2Sn, (b) Fe-
Fe interactions are the most important in FeRu2Sn, and
(c) Ru-Ru and Ru-Fe interactions are also relatively im-
portant in FeRu2Sn. From the signs of the ji’s we can
also conclude that Ru-Ru prefers an AFM-type ordering
(though the energy change for this preference is small),
and that Ru-Mn prefers an AFM-type ordering (again,
small), while Ru-Fe prefers a FM-type ordering (larger).
We can gain further insight about the relative impor-
tance of Ru-Ru, Mn/Fe-Mn/Fe, and Ru-Mn/Fe inter-
actions with the help of a Crystal Orbital Hamiltonian
Populations (COHP), bonding analysis44 in the style of
Kurtulus, et al.8. COHP provides an “energy-resolved vi-
sualization of chemical bonding” and enables the easy vi-
sualization of the bonding, anti-bonding, or non-bonding
behavior between a pair of sites in a solid. The COHP
procedure weights the electronic DOS by entries from the
Hamiltonian matrix, i.e., overlap of eigenstates (rather
than of orbitals as done in a crystal orbital overlap pop-
ulations analysis). The resulting set of COHP and en-
ergy values looks similar to a DOS plot, but convey dif-
ferent (but related) information: negative values corre-
spond to bonding states, positive values correspond to
anti-bonding states, and values near zero are interpreted
as non-bonding states. The integrated COHP (up to
the Fermi level) indicates the total (anti-,non-)bonding
character of the interaction; the lowest-energy structure
should be the one that maximizes bonding.
A more in-depth discussion of the COHP technique
and how it applies to the analysis of magnetic materi-
als (especially transition metals) is presented in a review
paper by G. A. Landrum and R. Dronskowski54. We of-
fer a brief summary. An alternate (but equivalent) view
on the origin of itinerant magnetism can be developed
by considering how spin-polarization can alleviate anti-
bonding or non-bonding interactions otherwise present in
a system without spin-polarization (referred to as non-
magnetic or NM). One can examine the COHP at the
Fermi level of a material calculated in a NM framework
and use those results to predict the type of exchange
splitting and magnetic interactions (if any) of the mate-
rial in a spin-polarized framework. Strongly anti-bonding
interactions at the Fermi level in the NM calculation cor-
respond (typically) to ferromagnetic interatomic interac-
tions in the spin-polarized calculation, while non-bonding
interactions yield antiferromagnetic interactions. For
MnRh2Ge (the most similar to (Mn,Fe)Ru2Sn) Kurtu-
lus, et al.8 argue that the anti-bonding character of the
Rh-Rh and Rh-Mn interactions in the NM calculation,
and not the Mn-Mn interactions, drive exchange split-
ting and FM ordering in the system.
Figures 4 and 5 show COHP analyses for MnRu2Sn
8FIG. 3. Formation energies and site-specific magnetic mo-
ments for total-moment-constrained DFT calculations in
MnRu2Sn (a) and FeRu2Sn (b). Absolute values of mag-
netic moments are shown in the top two plots of (a) and (b),
where the chemical symbol specifies which site-projection is
being measured, and full versus hollow symbols indicate a
positive or negative sign of the moment, respectively. In the
AFM cases, the moments of both the symmetrically-distinct
Mn/Fe/Ru sites are indicated, while the average of the abso-
lute value of the moment is given by the dashed line bisecting
the sets of markers. Green vertical lines indicate the equilib-
rium (minimum-energy) total moment.
and FeRu2Sn, respectively, contrasting NM, FM, and
AFM configurations. All COHP calculations were per-
formed with the same supercell (containing four primitive
cells) and having the mean experimental lattice constant
described earlier. In contrast to results for the similar
Heusler Rh2MnGe
8, we find only non-bonding interac-
tions at the Fermi level for the Ru-Ru pair in MnRu2Sn
(with a strong anti-bonding peak above the Fermi level).
FIG. 4. COHP bonding analysis for various bonds present
in MnRu2Sn for NM, FM, and AFM configurations. For FM
and AFM, the left column of plots represents the majority
spin, while the right column of plots represents the minority
spin.
An anti-bonding peak is present at the Fermi level for
the Mn-Ru pair in the NM state of MnRu2Sn, which is
not reduced significantly upon spin-polarization. These
results are consistent with our estimates of the various
ji in Table III, and exclude the possibility of significant
Ru-Mn, Ru-Ru, or Mn-Mn (NN) interactions. By elimi-
9FIG. 5. COHP bonding analysis for various bonds present in
FeRu2Sn for NM, FM, and AFM configurations. For FM and
AFM, the left column of plots represents the majority spin,
while the right column of plots represents the minority spin.
nating direct-exchange interactions from our model using
COHP analysis, we strengthen our conclusion that NNN
Mn-Mn interactions are the dominating force in deter-
mining the magnetic configuration of MnRu2Sn.
In FeRu2Sn, the COHP analysis (Figure 5) reveals that
the Fe-Ru interaction is still anti-bonding at the Fermi
level, though the magnitude of the COHP value in ei-
ther the FM or AFM spin-polarized configurations in
FeRu2Sn is smaller than that of spin-polarized MnRu2Sn.
This difference is reflected in the difference between the
j4 contributions for the two Heuslers seen in Table III;
j4〈φ
NN
Ru,Fe〉 is about six times larger in FeRu2Sn than in
MnRu2Sn. For the Ru-Ru pair, spin-polarization turns a
bonding interaction into an anti-bonding interaction, but
the COHP magnitude in both cases is small. Neither the
magnitude (or sign) of the Ru-Ru interactions, nor the
magnitude of the Ru-Fe interaction, match the COHP
values seen in MnRh2Ge or MnCo2Ga
8.
Overall, our findings imply that magnetism in ei-
ther the Mn- or the Fe-Heusler is primarily controlled
by Mn/Fe-Mn/Fe interactions, with Ru-Fe interactions
playing a much smaller secondary role in the Fe-
Heusler. Without making a broader statement about
all Heuslers, we conclude that a competition between
FM-favoring RKKY and AFM-favoring Sn-mediated su-
perexchange determines the magnetic configuration in
(Mn/Fe)Ru2Sn. As a consequence, a reasonable model of
magnetism in the disordered Mn/Fe solid solution can be
constructed utilizing only the Mn/Fe sublattice, without
the need to consider a more complex model that explic-
itly includes the Ru sublattices. Instead, the Ru moment
becomes a dependent variable following the neighboring
Fe moments, as the Fe-Ru coupling is several orders of
magnitude larger than for Mn-Ru. As the moment on the
Sn sites is never larger than 0.001 µB, we can also disre-
gard Sn-Mn/Fe contributions. The role of Sn, instead, is
to facilitate superexchange via next-nearest-neighboring
Mn/Fe sites.
By simplifying to a model dependent only on the prop-
erties of the Mn/Fe sublattice, the remaining problem
becomes somewhat straightforward: how do Mn and Fe
prefer to organize in solution, does anything unexpected
happen upon mixing Mn and Fe, and what happens to
the d -bands and the Fermi-level occupation in the range
of intermediate compositions?
B. Magnetic and chemical coupling in
Mn1−xFexRu2Sn
We considered 193 symmetrically distinct chemi-
cal/magnetic configurations on the Mn/Fe sublattice of
the full Heusler Mn1−xFexRu2Sn enumerated in super-
cells containing up to four copies of the primitive cell
(16 total atoms). The calculated formation energies of
these structures, referenced against FM FeRu2Sn and
L11-AFM MnRu2Sn, are shown in Figure 6 (a). All
formation energies at intermediate compositions x be-
tween 0 and 1 are positive, indicating the existence of
a chemical miscibility gap at low temperature. In the
thermodynamic limit, Mn1−xFexRu2Sn alloys will, there-
fore, phase separate into regions that are Mn rich and
regions that are Fe rich. At sufficiently high tempera-
tures, a solid solution will become stable in which Mn
and Fe are uniformly distributed over the X sublattice
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of Mn1−xFexRu2Sn, lacking any long-range order. When
quenched from such a temperature (e.g., 1173K as per-
formed by Douglas et al.14), sluggish kinetics can be used
to lock in the disordered solid solution.
The absence of long-range order, however, does not
mean that the Mn and Fe lack any order at all. Most
solid solutions exhibit a substantial degree of short-range
order due to strong local energetic interactions that are
not completely overwhelmed by entropy. The low energy
configurations at intermediate compositions of Figure 6
(a) can serve as useful structural models with which to
analyze chemical and magnetic interactions in local en-
vironments that are representative of the high temper-
ature solid solutions that have been annealed and then
quenched. The lowest-energy intermediate-composition
phases contain clustered domains of Mn-rich regions next
to Fe-rich domains55.
In all the structures considered in this study, the per-
site magnetic moments for the (Mn,Fe) sites relaxed to
values that range from 2.7 to 3.3 µB, with lower values
at intermediate compositions and higher values for pure
Heuslers (Mn,Fe)Ru2Sn. The magnetic moments on the
Ru and Sn sites were universally small, < 0.7µB for Ru
and < 0.022µB for Sn. Trends for FM and AFM struc-
tures with the lowest energy are indicated with the dark
dashed lines in Figure 6 (a) and show a cross-over at
equiatomic composition.
The transition from FM to FrM to AFM is best un-
derstood by examining the specific chemical and mag-
netic configurations of the lowest energy structures as a
function of composition. These structures are shown in
Figures 7(a-g), in order of increasing Fe content. Most
striking is the consistency in the ordering: in all cases,
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FIG. 6. Formation energies of the enumerated magnetic and
chemical orderings in Mn1−xFexRu2Sn supercells, colored by
the absolute value of the net magnetic moment. The dashed
blue and black lines trace the lowest-energy FM (µB > 3)
and AFM (µB < 1) structures, respectively, while the dashed
green line joins the overall lowest-energy structures.
TABLE IV. Spin-flip energies in the lowest-energy chemical
configurations of Mn1−xFexRu2Sn as a function of composi-
tion, in meV/(µB) per primitive cell. The energy differences
are calculated as the absolute value of the difference of the
energy between the lowest-energy structure at the given xFe,
and the pure FM or AFM variant of that structure, normal-
ized per difference in relaxed magnetic moment and per prim-
itive cell.
xFe Eform FrM vs. FM FrM vs. AFM
(meV) ∆µB ∆E ∆µB ∆E
(µB) (meV/µB) (µB) (meV/µB)
0.25 12.8 3.1 9.4 0a 0a
0.33 30.1 3.4 8.1 0a 0a
0.5 18.7 1.5 6.3 2.1 7.2
0.67 15.8 2.0 5.5 1.7 14.7
0.75 12.8 1.5 4.5 2.1 20.0
a For xFe = 0.25, 0.33, the lowest-energy structures are AFM.
variants of the L11 ordering, consisting of different fre-
quencies of (111) planes that are each chemically and
magnetically uniform, were found to have the lowest en-
ergy, with Mn-rich regions inducing local AFM behavior.
As seen in Figures 7e and f, Mn aligns AFM to neigh-
boring Fe atoms, even when Mn is dilute. These low en-
ergy AFM arrangements are facilitated via long-range ex-
change interactions mediated by the Sn sites. The reverse
is not true: in Figure 7 (b), the dilute Fe do not induce
any local FM ordering in the neighboring Mn planes, re-
sulting in the near-zero net magnetic moments observed
at Mn-rich compositions in Figure 6 (a). This suggests
that in dilute solid solutions the isolated Fe atoms are
forced into the AFM configuration favored by the more
populous Mn. The price paid for forcing a Mn-dominated
structure to accommodate FM behavior is illustrated by
the > 10 meV/atom energy difference between two struc-
tures at xFe = 0.33 having the same chemical ordering
but a different magnetic ordering. These structures are
illustrated in Figure 7 (c1) and (c2). They differ in the
size of their magnetic supercell (three and six unit cells,
respectively). In the larger supercell, a smaller fraction
of the Mn atoms are forced to participate in FM-like be-
havior, leading to a lower formation energy.
For each of the low energy chemical configurations, the
pure-FM and pure-L11 AFM magnetic configurations are
strictly higher in energy than the FrM magnetic configu-
rations shown in Figures 7 (b-f). The energy differences
in Table IV, normalized per Bohr magneton, demonstrate
that transitions to FM configurations are more costly in
Mn-dominated structures, while transitions to AFM are
more costly in Fe-dominated structures
The calculated magnetic moments in the low energy
configurations imply that in a well-mixed disordered solid
solution, Fe will remain FM and Mn will remain AFM,
yielding the mixed magnetic phase proposed by Douglas
et al. We can further confirm this assertion by exam-
ining how the electronic structures of the Mn and Fe
species in mixed Mn1−xFexRu2Sn Heusler alloys com-
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FIG. 7. The lowest energy chemical and magnetic configurations for Mn1−xFexRu2Sn for six compositions, showing only the
(Mn,Fe)/(Spin Up,Spin Down) sites, except for (g), which shows the full unit cell including Ru and Sn. (c1) and (c2) both
represent xFe = 0.33, however, magnetic frustration caused by finite size effects in (c1) results in a significantly larger per-atom
energy than the alternate but larger structure (c2). Both chemical and magnetic orderings occur along the [111] direction,
creating L11-like variants across composition space. All visualization were created using the VESTA software package.
pare to the electronic structures of Mn and Fe in pure
MnRu2Sn and FeRu2Sn, respectively. Figure 8 shows
the site-projected DOS for Mn and Fe in both the pure
Heuslers and at each of the intermediate compositions
of Mn1−xFexRu2Sn. The DOS of the Mn and Fe sites
only change negligibly in the mixed phases, suggesting
that the Mn and Fe sites behave similarly in the mixed
solid solution and in the pure Heuslers. Thus, we can
utilize the analysis of (Mn,Fe)Ru2Sn carried out in Sub-
section IVA on the Heusler alloy Mn1−xFexRu2Sn.
Our calculated results, combined with the experimen-
tal observations of Douglas et al., lead us to a model of
isolated magnetic nano-domains of AFM character em-
bedded in a larger FM matrix for Fe concentrations of
0.5 ≤ x < 1. We believe the magnetic hardening can be
explained by an exchange-hardening effect, where AFM
domains centered on individual Mn atoms or small clus-
ters (< 5 atoms, as no mesoscale ordering is observed
experimentally) couple with a single, bulk FM domain
carried collectively by the Fe atoms. Such nano-domains
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FIG. 8. Site-projected DOS for the Mn and Fe sites in Mn1−xFexRu2Sn, compared against site-projected DOS of Mn and Fe
sites in the pure Heuslers (Mn,Fe)Ru2Sn. Thin green/orange lines indicate DOS from the pure Heuslers, while thick red/blue
lines with shading indicate the Mn or Fe site-projected DOS from the mixed phases.
would fall below the observation limit of the experimen-
tal techniques used to characterize the chemical and mag-
netic distributions, and offer the simplest phenomenolog-
ical explanation of the measured magnetic properties.
The Mn and Fe DOS of Figure 8 suggest the pos-
sibility of half-metallic behavior. Half-metallic behav-
ior is (relatively) common among Heuslers, showing up
in multiple members of the X(Co,Ni,Mn)2Z families of
alloys9,10,12,56. For spintronics, half-metallicity is con-
sidered a promising route to achieve the necessary spin-
polarized currents. Antiferromagnetic (or rather, fully-
compensated ferrimagnetic) half-metals are of particular
interest for their net-zero (macroscopic) magnetization,
increasing the range of their potential applications57.
The total DOS for each of the lowest-energy interme-
diate composition structures is given in Figure 9; in no
cases is a true gap achieved in either spin channel. Pre-
vious ab-initio calculations of the electronic properties
of MnRu2Sn indicate a gap in the minority-spin DOS at
and around the Fermi level; however, these calculations
were performed on the ferromagnetic configuration11. As
is clear in Figure 9 (a), there is no such gap in the AFM
ground state58.
V. CONCLUSION
We have performed a systematic first-principles inves-
tigation of both the chemical and magnetic degrees of
freedom in the Mn1−xFexRu2Sn Heusler alloy to deter-
mine the origins of exchange hardening in a single phase
that is chemically uniform. Careful analysis of the elec-
tronic structure of the MnRu2Sn and FeRu2Sn end mem-
bers has shown that magnetic ordering phenomena on
the Mn/Fe sub-lattice is determined by a competition
between Sn-mediated superexchange, and conduction-
electron-mediated RKKY exchange, with Ru serving only
to set the lattice constant. Our results demonstrate
that the transition from L11 antiferromagnetic order-
ing in MnRu2Sn to ferromagnetic ordering in FeRu2Sn
can be explained by a shifting and narrowing of d -states
near the Fermi level. In MnRu2Sn, the Fermi level bi-
sects a d -peak, leaving more states immediately above
the Fermi level than below as to favor superexchange,
while in FeRu2Sn, the Fermi level falls immediately after
a d -peak, favoring RKKY-type exchange.
The magnetic ordering phenomena of the pure Heuslers
(Mn,Fe)Ru2Sn are not disrupted when Mn and Fe are
mixed. First-principles calculations predict that the
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FIG. 9. Total DOS for various compositions of
Mn1−xFe2Ru2Sn, showing several “near-gap” occupations in
the minority spin channel, but no true half-metals.
Mn1−xFexRu2Sn alloy should phase separate in the ther-
modynamic limit. Low energy Mn/Fe orderings at in-
termediate concentrations consist of alternating (111)
layers that are chemically and magnetically uniform.
The calculated total magnetic moments of the interme-
diate phases follow the trend of moments measured in
quenched solid solutions. An analysis of the density of
states of low energy structures confirms that the conclu-
sions for pure Heuslers (Mn,Fe)Ru2Sn remain valid at
intermediate compositions. While several configurations
present a near-gap in the minority spin channel, no true
half-metals were discovered in Mn1−2xFexRu2Sn.
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